The influence of a combination of ultraviolet (UV) irradiation with infrared radiation heating (IRH) and conductive heating (CH) on the inactivation of bacterial spores (Bacillus subtilis) was investigated at 20, 30, 40, and 50℃ on the surface of agar plates. The survival curves of B. subtilis spores were convex downward. Generally, the inactivation efficiency of UV irradiation with IRH was greater than that with CH for B. subtilis spores. A 4.1 log reduction of B. subtilis spores was obtained by 60 sec of UV irradiation with IRH at 50℃. The highest decimal reduction time was obtained at around 30℃ of IRH. These variations in the inactivation characteristics of UV irradiation might be caused by differences in the UV and IR absorption characteristics of spores exposed at different temperatures.
Introduction
Disinfection by ultraviolet ray (UV) irradiation has been widely applied in various industries (Bintsis et al., 2000) . Several researchers have investigated the application of UV irradiation to the surface decontamination of fresh agricultural produce. Allende and Artes (2003) suggested using UV irradiation to preserve fresh processed lettuce. GonzalezAguilar et al. (2001) reported that UV irradiation (8220 mW/ m 2 ) could reduce the post-harvest decay of mango fruits without irradiation damage development during storage. Valero et al. (2007) investigated the effect of UV irradiation on mold spores associated with grapes on agar plates. UV irradiation also has been applied to the surface decontamination of meat and meat products (Chun et al., 2009 (Chun et al., , 2010 Lyon et al., 2007; Wong et al., 1998) . The disinfection effect of UV irradiation is enhanced by combination with other decontaminating techniques. The combination of hydrogen peroxide with 37.8 mJ/cm 2 of UV irradiation considerably reduces bacterial counts on the surface and within the surface layer tissues of some fresh vegetables (Hadjok et al., 2008) . The acceleration of microbicidal action by UV irradiation combined with ozone or ozonated water has also been described relative to the disinfection of contaminated water (Jung et al., 2008; Selma et al., 2008) . In addition, some researchers have examined extending the shelf life of fresh fruits by combining UV irradiation with thermal technologies (Marquenie et al., 2002a; Pan et al., 2004) . The combined effect of UV-C irradiation and heat on the inactivation of spores of Botrytis cinerea and Monilinia fructigena, which are the major contaminants of strawberries and cherry fruits, have been investigated in vitro (Marquenie et al., 2002b) . This combination reduced the intensity of UV irradiation required to inactivate both molds. In our previous studies concerning the combination of infrared radiation heating (IRH) with UV irradiation, the microbial count of fruit-related microbes was considerably decreased in in vitro study (Hamanaka et al., 2010) . The shelf-life of figs was also obviously extended by sequential IRH and UV irradiation (Hamanaka et al., 2011) . Infra-red rays can effectively heat a material surface since no heating medium is required. These characteristics ensure a minimal effect on the quality of agrespectively. The uniformity of the UV irradiation intensity on the plate surface was measured using a digital UV intensity meter (UVC-254, AS ONE Co., Osaka, Japan). Two heat sources were designed as shown in Figure 1A (IRH) and B (CH) to investigate differences in inactivation by UV irradiation induced by a thermal effect. The peak wavelength, electric power, color temperature and energy (at 15 cm distance) of the IR heater (220 × φ10.5 mm: IRE135-M, IWASAKI Electric, Co. Ltd., Tokyo, Japan) were 950 nm, 0.5 kW, 3000 K and 1.87 μW/cm 2 /nm, respectively. An electric hotplate (ND-2, AS ONE Co., Osaka, Japan) provided CH treatment to the control plates. Inactivation procedure After the output of the IR heater and electric hotplate stabilized (about 3 min after switching on), sample plates were placed on the stage. The surface temperature of each plate was monitored using an infrared thermography camera (TVS-500EX, NEC Avio Infrared Technologies Co. Ltd., Tokyo, Japan) while being heated. The surface temperature of the agar medium was controlled by adjusting the current of the IR heater using an electric transformer (RSA-10, Tokyo Rikosha Co. Ltd., Saitama, Japan). The plates were irradiated with UV immediately after the agar surface reached the target temperature of 20, 30, 40 or 50℃ (± 1℃). The elapsed time from the initial temperature (10℃) to reaching the target temperatures was about 1, 2.5, 3 and 3.5 min, respectively, using both IRH and CH. The output of the IR heater and of the electric hotplate was manually controlled with reference to a thermography camera to maintain the target temperature at the agar surface. Plates were irradiated with UV for up to 60 sec.
Microbial analysis Irradiated agar plates were incubated at 30℃ for two days and then all visible colonies were counted. Survival is expressed as logarithm N/N 0 , where N is the number of surviving cells and N 0 is the initial number of cells.
ricultural produce. Marquenie et al. (2002b) reported that the efficiency of a sequential combination of UV irradiation (0.01 to 1.5 J/cm 2 ) with capillary heating within the range of 35 to 48℃ to inactivate two post-harvest spoilage molds (B. cinerea and M. fructigena) of strawberries and cherry fruitsdepended on a specific sequential order for each mold spore. Lee (2010) indicated that moderate heating (50℃) in a dry oven during UV irradiation effectively reduced the numbers of viable Escherichia coli cells on kitchenware. However, the effect of the temperature controlled by IRH on the inactivation efficiency of UV irradiation have not been reported. The present study investigates the influence of IRH temperature in addition to UV irradiation on bacterial spore inactivation on agar media. We also examined the inactivation effect of UV irradiation under the same temperatures generated by conductive heating (CH) using an electric hotplate.
Materials and Methods
Test microbes Bacillus subtilis subsp. subtilis NBRC3134 (B. subtilis) obtained from the collection of the National Institute of Technology and Evaluation Biological Resource Center, Japan (NBRC), were used in this study.
Preparation of spore suspension and sample plates B. subtilis spores were produced by incubation at 30℃ for 10 days on recovery media plates containing 10 g of polypeptone (Nihon Pharmaceutical Co. Ltd., Tokyo, Japan), 2.0 g of yeast extract (Becton Dickinson Co., Franklin Lakes, NJ. USA), 1 g of MgSO 4 ·7H 2 O and 15 g of powdered agar (Wako Pure Chemical Co. Ltd., Tokyo, Japan) in 1 L of distilled water. Bacteria that proliferated on the plates were harvested using a spreader, diluted and then washed twice by centrifugation at 2500 × g for 10 min with sterile distilled water. The bacteria were resuspended in distilled water and then heated at 70℃ for 60 min to kill any vegetative-type cells. The initial concentration of spores in suspension was adjusted to around 10 7 -10 8 CFU/mL using sterile distilled water and the suspension was stored at 4℃. Portions (100 μL) of B. subtilis spore suspensions were spread onto recovery media in 90-mm diameter polystyrene plates (Eiken Chemical Co. Ltd., Tokyo, Japan). The spore concentration in the suspensions was adjusted to about 1 × 10 6 CFU/mL using sterile distilled water. Spores on agar plates were immediately exposed to UV after the temperature of the plates heated by either IRH or CH reached target values. Figure 1 shows the heating devices equipped with a UV lamp (φ15.5 × 210.5 mm, GL-6, Toshiba Lighting and Technology Co., Kanagawa, Japan). Boards were not positioned at the side walls or at the tops of either device. The peak wavelength and irradiation intensity of the UV lamp was 253.7 nm and 0.455 mW/cm 2 at 15 cm, spores ( Figure 3 ).
Treatment devices
In conclusion, the inactivation efficiency of UV irradiation was influenced by the heating method and temperature. In particular, adding IRH to the decontamination process seemed to confer an advantage. The present study examined the inactivation only of B. subtilis spores. However, the absorption characteristics of infrared and UV rays are affected by the type of microorganism and specific properties such as cell size, cell thickness, the chemical composition of the Statistical analysis All experiments were repeated in triplicate. Significant differences in microbial counts were evaluated using Student's t-test.
Results and Discussion
Spore counts did not change after IRH or CH without UV irradiation (data no shown). B. subtilis spores were inactivated 0.5 -0.9 logs more effectively by UV-IRH for 60 sec than by UV-CH at any temperature (Figure 2) . The UV irradiation was most effective at 50℃, being about 0.7 logs greater than that of UV-CH for 60 sec (p < 0.05). The microbicidal effect of IRH was greater than that of CH despite the identical temperature profiles. These results were similar to those of previous studies (Sawai et al., 1995; Hamanaka et al., 2003) . B. subtilis spores exposed to IRH and CH were supposed to be physically and physiologically damaged, although the temperatures generated herein were below that required to kill B. subtilis spores. The spores were presumably more damaged by IRH than by CH, due to the absorption of infrared radiation energy (Sawai et al., 1995) . Therefore, the inactivation efficiency of UV-IRH would be greater than that of UV-CH.
Survival curves were convex downward (tailing phase) after exposure to both UV-IRH and UV-CH, especially at 20 and 30℃. The linearity of the survival curves with increasing temperature was remarkable. The correlation coefficient for survival vs. the period of UV irradiation with both IR and CH were both 0.96 at 20℃, and 0.999 and 0.992, respectively at 50℃. The tailing phase is an important issue during sterilization processes caused by heterogeneous bacterial spore resistance to surrounding stresses (Cerf, 1977) . The tailing phase in the survival curves of B. subtilis spores herein might have resulted from variations in sensitivity to UV irradiation, especially at 20 and 30℃.
The length of time required to achieve a 90% reduction (D uv -value) in survival was calculated from the linear decreasing portion of each survival curve to compare the rates of inactivation by UV irradiation (Figure 3) . The D uv -values of B. subtilis spores were greater at a temperature range around 30℃, especially after UV-CH. This result was similar to the previous finding that the inactivation of fecal coliforms in wastewater by UV irradiation was accelerated at 10 and 45℃, but not at temperatures ranging from 20 to 40℃ (Abughararah, 1994) . Exposure to UV irradiation affects DNA by initiating thymine dimerisation (Shintani, 2003) . The characteristics of UV radiation absorption by various materials are affected by changes in temperature (Davidson, 1985; Ito, 1960; Yamada et al., 1984) . Differences in surrounding temperatures during exposure might alter the absorption characteristics of UV rays into the DNA of microorganisms. This would explain changes in the inactivation rates of B. subtilis cell wall, water activity and biochemical properties (Tran and Farid, 2004; Irudayaraj et al., 2002; Jun and Irudayaraj, 2003; Hamanaka et al., 2006; Begum et al., 2009) . Further studies on the inactivation of various microorganisms under a range of heating conditions are required to develop optimal decontamination processes.
